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AgingGlucose solutions incubated at low oxygen concentration gave rise to the appearance of an absorption band in
theUVA-visible region after 10 days. Further characterization evidenced that this bandwas composed by a single
chomophore with maximum absorption bands at 335 and 365 nm. HPLC/MS and UV spectroscopy assays indi-
cated that this product is composed by ﬁve unities of furan. Importantly, the presence of a compoundwith iden-
tical spectral and chromatographic properties was observed in the water-soluble fraction of cataractous human
eye lenses. The photo-biological effects of this glucose-derived chromophore (GDC) have been addressed using
targets of biological relevance, such as water-soluble proteins from eye lens and the proteasome present in this
proteinmixture. Increased protein oxidation and protein crosslinkingwas observedwhen lens proteinswere ex-
posed to UVA-visible light in the presence of GDC under a 5% and 20% oxygen atmosphere. In addition, an in-
creased proteasome peptidase activity was also observed. However, the use of D2O resulted in decreased
proteasome activity, suggesting that singlet oxygenpromotes the impairment of proteasome activity. Our results
suggest that the species generated by Type I and Type II mechanisms have opposite effects on proteasome ac-
tivity, being Type I a positive activator while Type II lead to impairment of proteasome function.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
Post-translational modiﬁcations of lens crystallins are believed to
play a major role in age-related cataract development [1,2]. These
changes in lens proteins are directly related with the decreased trans-
parency of this tissue [1,3]. The most common protein modiﬁcations
in cataract lenses are: deamidation [4,5], glycation [1,6], oxidation of
Met, Trp and Tyr residues [7,8], disulﬁde bonding generation [5,9],
among others. Several epidemiological studies indicate that hypergly-
cemia is a risk factor for cataract development [10,11]. The Maillard
reaction, through the generation of advanced glycation end products
(AGEs), has been proposed as one of the most important reactions in
systems under high concentrations of glucose [12,13]. However, its
precise role in the pathogenesis of long-term complications remains
unclear.
The low rate reaction between the basic amino acids Lys and Arg
with glucose and the corresponding generation of AGEs have been
studied by several groups [14–18]. Therefore the actual generationl rights reserved.of AGEs from glucose mainly competes with intermediates produced
as consequence of its degradation, a process known as Wolf pathway
[12,14,19]. Indeed, carbohydrates decomposition gives rise to more
reactive dicarbonyl compounds, such as 3-deoxyglucosone, glyoxal
and methylglyoxal [12,20,21]. Similar to the Maillard reaction, the de-
composition of carbohydrates generates colored compounds [22–24].
However, only a few of them have been partially characterized
[24,25] and information is lacking in relation with their photochemi-
cal and photobiological properties. The further characterization of
these colored compounds would be of special importance not only
for eye lens, but also in ﬁelds such as food and medicinal chemistry
of systems constantly exposed to the sunlight.
Previous studies have shown that sunlight constitutes a risk factor
for cataract generation [10,26], underlying the importance of the
photo-processes that take place in the eye lens, especially those that
occur due to the effect of UVA-visible light which corresponds to the
major part of the radiation reaching the lens [27–29]. The incident
UVA radiation is mostly absorbed by endogenous ﬁlters such as kynur-
enine, 3-hydroxykynurenine, 3-hydroxykynurenine O-β-glucoside and
4-(2-amino-3-hydroxyphenyl)-4-oxobutanoic acid glucoside, whose
excited states are deactivated in an innocuous way by the lens constit-
uents [27,30,31]. Paradoxically it has been reported that when
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can act as a photosensitizers generating reactive oxygen species
(ROS) [32–34]. This fact could be important in aged lenses, where
low amounts of these ﬁlters have been reported and simultaneously
tryptophan derivatives are increased [30].
The eye lens, characterized by its transparency properties [35],
starts to become colored during aging [36]. This color has been attrib-
uted mainly to AGEs generation [36–38]. It has been established that
AGEs can act also as photosensitizers [39–42] and our group has re-
cently demonstrated that photosensitized reactions of AGEs covalent-
ly bound to proteins do not induce protein crosslinking [43]. This
property is directly related with the eye transparency [3]. These
photo-induced reactions result in oxidative damage restricted to the
neighborhood of the chromophore [43]. However, the contribution
of photosensitized processes mediated by lowmolecular weight com-
pounds during aging remains unclear.
Crystallins are the most important targets of the photochemical
stress in the eye lens [2,6], underscoring the importance to assess
the proteasome response upon oxidation and aggregation of these
proteins. The 20S proteasome constitutes the main proteolytic system
in charge of oxidatively damaged proteins degradation in the cytosol
and nuclei of eukaryotic cells [44]. This complex is present in human
lenses [45], and it has been shown that the lens ﬁbers also possess an
active ubiquitin–proteasome system [46]. It has been reported that
the amount and activity of proteasome decrease in aged lenses
[45,47]. However, the photo-aging mechanisms involved in eye lens
proteasome impairment are not known. In this work, we report the
photosensitizing capacities of a chromophore not previously de-
scribed, generated during glucose degradation at low oxygen concen-
tration. The effects of photosensitized reactions on lens proteins and
the proteasome present in the protein extracts were studied.
2. Materials and methods
2.1. Materials
D(+)-Glucose (100% pure) was obtained from Fluka Chemie
GmbH (Buchs, Switzerland). Na2HPO4, NaH2PO4 and CuSO4 were
obtained from Merck (Darmstadt, Germany). OxyBlot™ protein oxi-
dation detection kit was obtained from Chemicon International (Te-
mecula, CA). Ultra pure water from a Milli-Q system (Billerica, MA)
was used for the preparation of all solutions. All the solutions were ﬁl-
tered through a 0.22 μm sterile nitrocellulose ﬁlter.
2.2. Isolation of water-soluble bovine lens proteins
Bovine lenses (approximately 18 months old) were obtained from
the slaughter-house. Twenty bovine lenses were decapsulated and
stirred in a 50 mM Tris–HCl buffer pH 7.4 containing 0.2 mM KCl,
1 mM EDTA, 10 mM β-mercaptoethanol and 0.05% NaN3. The sus-
pension was homogenized and centrifuged at 15,000 rpm for
30 min at 4 °C (Sorvall Superspeed RC2-B). The supernatant was ex-
tensively dialyzed against deionized water at 4 °C. Potassium buffer
0.1 M pH 7.4 was added in order to achieve a protein concentration
of 50 mg/mL.
2.3. Isolation of the water-soluble fraction from normal and cataractous
human lenses
Normal human eye lenses (N=6) were obtained from Instituto
Médico Legal in Santiago–Chile within the ﬁrst 12 h after death,
with the prior informed consent of the deceased's relatives or after
respecting a post-mortem period of 72 h, in line with the legal re-
quirements. Brunescent cataracts human eye lenses, isolated by sur-
geries by means of extracapsular cataract extractions, were collected
from Hospital Sótero del Río, Unidad de Oftalmología in Santiago-Chile, stored frozen until use. The cataractous lenses (N=8) corre-
sponded to type I, II and III in accordance to their degree of pigmen-
tation [36]. The lenses were homogenized in 50 mM Tris–HCl pH
7.4, containing 0.2 mM KCl, 1 mM EDTA, 10 mM β-mercaptoethanol
and 0.005% NaN3. The resulting suspension was centrifuged at
15,000g, during 30 min at 4 °C (Sorvall Superspeed RC2-B), the super-
natant was exhaustively dialyzed against milli-Q water and the pro-
tein concentration was assessed using BCA protein assay kit
(Thermo scientiﬁc). The soluble fractions of normal and cataractous
human lenses were lyophilized and stored at −20 °C until analysis.
2.4. In vitro generation of a glucose-derived photosensitizer
A solution of glucose (30 mM) in buffer phosphate 100 mM, pH
7.4 was bubbled with oxygen at 5% during 30 min and then sealed
in order to keep the low oxygen concentration, all this procedure
was made in sterile conditions. The solution was incubated during
10, 20 and 30 days at 37 °C in the dark. After this period, glucose con-
centration was determined by photometric measurements by means
of glucose-dye-oxidoreductase, with color indicator.
2.5. Puriﬁcation of in vitro and ex vivo glucose-derived chromophore
The chromophores produced through in vitro incubation of glu-
cose (see 2.4) and also those present in the water-soluble eye lens
components (see Section 2.3) were puriﬁed by exclusion chromatog-
raphy on a Sephadex G-15. Milli Q water was used as the mobile
phase. The different fractions were recovered by means of a fraction
collector LKB/Pharmacia 2070. The ﬂow rate was adjusted to
0.2 mL/min, collecting in each tube a volume of 1 mL for the samples
generated in vitro and 3 mL in the case of the ex vivo samples. The
fractions were analyzed by means of absorption spectroscopy.
The process of further puriﬁcation was performed by pooling the
previously isolated fractions described above and freezing them
dried to concentrate to a ﬁnal volume of 2 mL. This process was re-
peated 5 times, until no glucose was present in the fractions. This
was conﬁrmed by means of HPLC-MS.
2.6. HPLC and HPLC-MS measurements
The puriﬁed chromophore was analyzed by HPLC and HPLC-MS
measurements. HPLC analyses were performed on JASCO MD-2010
Plus system consisting of a pump PU-2080PLUS with a multi-
wavelength detector. Analytical separation was achieved on a C18 re-
verse phase (Chromolith Performance, 100×4.6 mm, Merck, Darm-
stadt) column. The column was eluted isocratically with phosphate
buffer (0.05 M) at pH 7.4, containing tetrabutylammonium tetraﬂuor-
borate 2.5 mM and EDTA 1 mM.
HPLC-MS analysis was performed using a C-18 Jupiter-Proteo,
Phenomenex INC., CA-USA (4 μm, 150×1.0 mm) and in some cases
the chromatography was performed using a C-8 column Lichrospher
100, Merck, Darmstadt, Germany (RP-8.5 μm). The column was elut-
ed for 20 min with 92% (v/v) acetonitrile in water, containing 4 mM
of ammonium formate (buffer A) at a ﬂow rate of 0.1 mL/min and
then with a linear gradient to 10% (v/v) buffer B (100% acetonitrile)
over 40 min. The eluant from the column was monitored with an
on-line photodiode array detector, at 365 nm, and directly introduced
to negative mode ESI-mass spectrometry. The system was equipped
with an electrospray mass spectrometer with ion trap Esquire 4000
ESI-IT (Bruker Daltonics, Inc., MA, USA). As an interface, high purity
99% nitrogen was used as the nebulizing gas (ca 0.2 L/min).
2.7. Irradiation conditions for bovine lens proteins
Solutions of bovine eye lens proteins at 20 mg/mL were prepared
with the glucose-derived product at an absorbance of 0.2 at 365 nm.
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All experiments were performed in a 1 cm light-path quartz cuvette
at 25 °C. Irradiations were performed with an OSRAM HBO 500 W
high-pressure mercury lamp ﬁltered with a 5% (w/v) CuSO4 solution
in a 2.5 cm optical glass cell. Light intensity measurements were per-
formed with a YSI Kettering 65A radiometer (Yellow Spring, OH). In-
cident intensity on the cuvette was 1500 W/m2.
2.8. SDS-PAGE analysis
Protein crosslinking was determined by SDS-PAGE analysis under
reducing conditions. Samples (22.5 μg) were boiled for 5 min in
Laemmli sample buffer [48] and loaded onto 12% (w/v) SDS-PAGE
gels. Electrophoresis was performed at 100 V for 1–2 h. Gels were
stained with 0.1% (w/v) Coomassie Brilliant Blue and destained in a
solution containing 10% (v/v) ethanol and 0.75% (v/v) acetic acid up
to 24 hrs. Gels were scanned with an Amersham Bioscience Image
Scanner (Les Ulis, France) and the quantiﬁcation of the crosslinked
protein was performed by densitometry analysis using Image Master
1D software (Amersham Biosciences, Les Ulis, France).
2.9. Immunodetection of derivatized protein carbonyl groups
The determination of protein oxidation was performed by immu-
noblotting, using the OxyBlot™ Protein Oxidation Detection Kit (Che-
micon International, Temecula, CA), according to manufacturer
instructions. Brieﬂy, carbonylated proteins were derivatized to 2,4-
dinitrophenylhydrazone (DNP-hydrazone) by reaction with 2,4-dini-
trophenylhydrazine (DNPH). The DNP-derivatized protein samples
(15 μg) were separated in a 12% (w/v) polyacrylamide gel by electro-
phoresis and electrotransferred onto a nitrocellulose membrane
(Pierce, Rockford, IL, USA) for 90 min at 100 V. The membranes
were incubated with a blocking solution containing 1% BSA (w/v)
in PBS-Tween 0.05% (v/v) for 2 h. Right after, membranes were
incubated with a rabbit polyclonal antibody (1:5000) speciﬁc to the
DNP moiety of proteins in the blocking solution for 1 h at room
temperature. After several washings with PBS-Tween 0.05% (v/v),
the membranes were incubated with a goat horseradish peroxidase-
conjugated antirabbit IgG (1:10000), directed against the primary an-
tibody in the blocking solution. PBS-Tween 0.05% (v/v) with 1% (w/v)
BSA during 1 h at room temperature. After washing, membranes were
developed using the ECL Plus chemiluminescent detection system
(GE Healthcare, Saclay, France). Scanning of the ﬁlms was performed
with Amersham Bioscience Image Scanner.
2.10. Western blot analysis of proteasome subunits
Eye lens proteins (30 μg) were separated by SDS polyacrylamide
gels (12% w/v) electrophoresis under reducing conditions and elec-
trotransferred to nitrocellulose membranes (GE Healthcare). Mem-
branes were blocked for 1 h with the Odyssey blocking buffer (Li-
Cor Biosciences). Monoclonal antibodies against the 20S proteasome
subunits alpha-2 (obtained from hybridoma MCP21) or beta 5
(Enzo Lifescience) were used diluted 1:1000 in the same blocking
buffer. After washing, infrared labeled secondary antibodies goat
anti-mouse IRDye 800 or IRDye700 (Li-Cor Biosciences) were used di-
luted 1:15000 and the bound complex was detected using the Odys-
sey Infrared Imaging System (Li-Cor; Lincoln, NE).
2.11. Carbonyl groups quantiﬁcation
The total carbonyl content in the samples was determined spec-
trophotometrically by means of the DNPH absorption band appear-
ance at 370 nm. Brieﬂy, 300 μL of the samples were incubated with
1.5 mL of 0.2% (w/v) DNPH in 2 N HCl for 30 min. Protein was precip-
itated with the same volume of 20% (v/v) ice-cold TCA andcentrifuged at 1970 g for 10 min. The pellet was washed three times
with 1:1 ethanol-ethyl acetate mixture. The protein was solubilized
in 6 M of guanidine for 10 min at 37 °C and the absorbance was mea-
sured at 370 nm. The quantiﬁcation was performed using an extinc-
tion coefﬁcient of 22000 M−1 cm−1.
2.12. Proteasome chymotrypsin-like activity measurements
Proteasome chymotrypsin-like peptidase activity was assayed
using the ﬂuorogenic peptide succinyl-Leu-Leu-Val-Tyr-amido-
methylcoumarin (LLVY-AMC), as described previously [47]. The
assay mixture contained 900 μg of total soluble protein in 25 mM
Tris–HCl buffer, pH 7.5, and the ﬂuorogenic peptide LLVY-AMC was
added at a concentration of 50 μM in a total volume of 200 μL. Reac-
tions were performed in the presence (20 μM) or absence of the spe-
ciﬁc proteasome inhibitor N-Cbz-Leu-Leu-leucinal (MG132), to test
the speciﬁcity of the measured activity. Kinetic enzymatic activity
was carried out at 37 °C in a ﬂuorimetric microplate reader (Fluostar
Galaxy, BMG, Stuttgart, Germany). The excitation and emission wave-
lengths were 350 nm and 440 nm, respectively.
2.13. Thermal inactivation of the proteasome
Solutions of BLP (10 mg/mL) were incubated at 55 °C for 5, 10, 20
and 30 min. Thermal inactivation was ﬁnished by placing the samples
on ice. Residual chymotrypsin-like proteasome activities were deter-
mined at 37 °C after addition of the ﬂuorogenic substrate as described
above.
3. Results
3.1. Characterization of a novel glucose-derived chromophore (GDC)
We ﬁrst studied the glucose decomposition in vitro by UV-visible
spectroscopy during 30 days. A progressive appearance of absorption
bands in the UVA region at 335 and 365 nm was observed (Fig. 1A).
When the solutions incubated during 30 days at pH 7.4 were ana-
lyzed by HPLC-MS, using detection by total ion current (TIC), four
peaks with retention times of 1.3, 1.7, 1.9 and 3.2 min were evi-
denced, (Fig. 1B). The colored compound with a maximum at
365 nm (Fig. 1A) was puriﬁed several times by size-exclusion chro-
matography. A single peak with a retention time near 2 min was ob-
served in the elution proﬁle detected by TIC (Fig. 1 C) and UV-
absorption at 365 nm (Fig. 1 C, inset). The mass spectra analysis of
this peak showed representative peaks at 453, 385, 317, 249, 181
and 113 m/z. (Fig. 1D). When each peak was fragmented values of
385, 317, 249, 181 and 113m/z constitute daughter peaks from that
at 453 m/z.
3.2. Evidence of GDC in cataractous human eye lens
With the aim to assess the presence of GDC in human lenses, water-
soluble fractions obtained from normal and cataractous human eye
lenses were separated by size-exclusion chromatography. Three com-
ponents with absorption at 280 nm were observed in normal (Fig. 2A)
and cataractous lenses (Fig. 2 C). In both cases the ﬁrst fraction (I) con-
tains water-soluble eye lens proteins and the presence of coloration in
the UVA-visible region is observed in cataractous lenses (Fig. 2D). Frac-
tions II and III do not contain proteins (Fig. 2B and Fig. 2D); however, a
deﬁned band centered at approximately 365 nm in fraction II was
found to be decreased in cataractous lenses (Fig. 2D). Fraction III, pre-
sents a maximum near to 260 nm and does not absorb in the UVA re-
gion reminding the spectral properties of ascorbate. We then
compared the elution proﬁle after reversed-phase chromatography of
the fraction II obtained from cataractous lenses (Fig. 3A) and from a glu-
cose solution incubated for 30 days at 37 °C in the dark, under a 5%
Fig. 1. Chemical characterization of a chromophore derived from glucose decomposition. (A) Absorption spectra of glucose solutions after 10, 20 or 30 days of incubation. Glucose
solutions (30 mM) in buffer phosphate (100 mM, pH 7.4) were bubbled with oxygen at 5% during 30 min and then sealed in order to keep the low oxygen concentration. The in-
cubations were performed 37 °C, in sterile conditions. (B) HPLC-MS elution proﬁles of glucose solutions (30 mM) after 30 days of incubation at low oxygen concentration and pH
7.4. (C) HPLC proﬁles of the fraction previously puriﬁed through a Sephadex G-15 column and analyzed by MS detection using detection by total ion current (TIC). The inset shows
the chromatogram analyzed by absorption spectroscopy (365 nm). (D) Negative electrospray ionization mass spectra of the glucose-derived chromophore. The inset table shows
the fragmentation of each one of the peaks observed in the spectra.
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Fraction II from cataractous lenses is composed by two main compo-
nents (peaks 1 and 2) where peak 2 (Fig. 3A, inset A-2) has the same
spectrum than GDC (Fig. 3B, inset B-1). The spectral properties of
peak 1 (Fig. 3A, inset A-1) are completely different and are in agree-
ment to what has been previously reported [31].3.3. UVA-visible-induced modiﬁcations of bovine eye lens proteins (BLP)
in the presence of the GDC
In order to study the photosensitizing properties of GDC, irradia-
tion of BLP with UVA-visible light was performed (Fig. 4). BLP
(20 mg/mL) were incubated in the dark (lanes 1) or exposed to
UVA-visible light, during 60 min, in the presence (lanes 2) or absence
(lanes 3) of GDC, at an oxygen concentration of 5%. No changes were
observed in samples incubated in the dark (lanes 1) or exposed to
UVA-visible light (lanes 3), indicating that BLP are not sensitive to
the irradiation conditions used in this experiment. However, the oc-
currence of protein crosslinking (Fig. 4A, lane 2), increased protein
carbonylation (Fig. 4B, lane 2) and decreased protein levels of the
beta 5 proteasome catalytic subunit present in BLP extracts (Fig. 4D,
lane 2) were observed in samples containing the GDC. However, no
change in the protein levels of the 20S proteasome subunit alpha 2
was observed (Fig. 4C, lane 2).3.4. Inﬂuence of oxygen concentration on the photosensitizing effect of
the GDC on the lens proteins
Irradiation of BLPwas performed for 20, 40 and 60 min, at 5% and 20%
oxygen concentrations, with the aim to favor Type I and Type II photo-
processes, respectively. The effect of the photosensitized reactions on
BLP cross-linking and oxidation was studied. A progressive increment
of protein cross-linking with irradiation time was observed (Fig. 5A).
The samples irradiated under a 20% O2 atmosphere were slightly more
crosslinked than that irradiated under 5% O2. This is in agreement with
previous studies from our laboratory [49]. Increased levels of carbonyl
groups were also observed in BLP with irradiation time (Fig. 5B). Howev-
er, at 20% of O2 a signiﬁcant increase on protein carbonylation was ob-
served when compared to samples irradiated at 5% of O2. Our results
suggest that singlet oxygen is more efﬁcient to induce protein oxidation
than to generate intermolecular protein cross-linkages.
3.5. Photosensitizing effect of the GDC on the lens proteasome
Eye lens ﬁbers have a fully functional ubiquitin–proteasome sys-
tem [46], therefore it was of interest to determine the fate of the pro-
teasome when the protein mixture was exposed to photosensitized
processes that may occur during aging. No signiﬁcant change in the
proteasome activity was observed after the exposure of BLP to light
in the absence of photosensitizer (Fig.6A). However, when the
Fig. 2. Size exclusion chromatogram for normal and cataractous human eye lens. Elution proﬁles analyzed at 280 nm, of the water-soluble human eye lens proteins from normal (A)
and cataractous (C) individuals, fractionated on a Sephadex G-15 column. The absorption spectra of the fractions I, II and III shown in A and C are indicated in B and D, respectively.
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of the chymotrypsin proteasome peptidase activity was observed
(both at 5% O2 and 20% O2). The activation effects on the proteasome
activitymediated by the glucose-derived chromophore photosensitizedFig. 3. HPLC Chromatogram for cataractous human eye lens (fraction II) and comparison w
absorbance for the fraction II of Fig. 2-C (A). B represents the reversed-phase HPLC chro
30 days at 37 °C in the dark, under 5% oxygen atmosphere, in buffer phosphate 100 mM, pH 7processes are characterized by different activity proﬁles depending on
oxygen concentration in the reaction medium. At 5% O2 there is a con-
tinuous increment of the chymotrypsin-like activity, whereas in the
samples irradiated at 20% O2 the activity increases approximately 4ith the glucose-derived chromophore. Reverse-phase HPLC chromatogram at 365 nm
matogram at 365 nm absorbance for a glucose solution previously incubated during
.4. The insets show the absorption spectra of the fractions shown in the chromatogram.
Fig. 4. Protein oxidation and proteasome levels within BLP irradiated in the presence or absence of the glucose-derived chromophore. SDS-PAGE (A), Oxy-Blot (B) and Western-
Blots corresponding to 20S proteasome subunits α-2 (C) and β-5 (D), of native BLP (lanes 1), BLP previously irradiated with UVA-visible light during 1 h, in the presence (lanes
2) or absence (lanes 3) of colored glucose decomposition product.
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total irradiation time (Fig. 6B). In order to determine the effect of singlet
oxygen on the proteasome chymotrypsin-like activity, the same0
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Table 1
Proteasome chymotrypsin-like peptidase activity after photosensitized reactions mediated
by glucose-derived chromophore.
Irradiation
time (min)
Irradiation at 5% O2 Irradiation at 20% O2
Activity H2O
(rfu/min)*
Activity D2O
(rfu/min)
Activity H2O
(rfu/min)
Activity D2O
(rfu/min)
0 67±14 46±6 67±14 46±6
20 320±8 37±16 201±14 24±4
40 402±21 35±11 218±54 16±5
60 452±34 15±15 199±12 9±10
*rfu/min: relative ﬂuorescence units/min. The experiments were performed at two
different oxygen concentrations (5 and 20%) and using H2O and D2O.
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um oxide as solvent in order to increase the lifetime of singlet oxygen.
The effects of the irradiations made using H2O or D2O as solvent, on
the proteasome chymotrypsin-like activity are shown in Table 1. The ir-
radiations carried out in D2O show a completely different behavior with
respect to the photosensitized processes performed in H2O. The exper-
iments where D2O was the solvent show a decrease in the activity for
the systems irradiated at 5 and 20% of oxygen. This decrease is slightly
higher for the samples irradiated at 20% of oxygen. These results indi-
cate that singlet oxygen is an efﬁcient inactivator for the
chymotrypsin-like activity of the proteasome.3.6. Thermal inactivation of the proteasome upon irradiation of BLP in
the presence or absence of GDC
Thermal incubation of BLP, previously irradiated with UVA-visible
light in the presence of GDC, at 55 °C resulted in a biphasic inactiva-
tion of the proteasome present in the protein mixture. However, in
the absence of GDC, native and irradiated BLP showed a signiﬁcantly
less extensive monophasic thermal inactivation (Fig. 7). These results
suggest that the presence of GDC during irradiation generates a less
thermostable form of the proteasome, similar to what has been previ-
ously reported following different physicochemical treatments of the
20S proteasome latent form [50].0 5 10 15 20 25 30
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Fig. 7. Thermal inactivation of native and previously UVA-visible irradiated BLP. At the
indicated times the chymotrypsin-like activity was assayed as described in Materials
and methods.100% activity was deﬁned as the peptidase activity at zero time of the
thermal inactivation. Symbols: ▲, native BLP; ■, BLP previously irradiated with UVA-
visible light in the absence of any additive; and ●, BLP previously irradiated with
UVA-visible light in the presence of the glucose-derived chromophore.4. Discussion
Although numerous colored products derived from the Maillard
reaction have been identiﬁed in the lens during aging and in diabetic
patients [17,36], the photochemical contribution of glucose-derived
compounds has not been addressed. In this study, we report not
only a novel glucose-derived chromophore, evidenced after in vitro
glucose decomposition, but also in the water-soluble fractions of
human eye lens from cataratous patients. This chromophore, named
GDC, possesses photosensitizing properties leading to increased pro-
tein oxidation, protein cross-linking and activation of the proteasome
activity upon UVA irradiation at low oxygen concentration.
GDC was detected in vitro, after 10 days of glucose incubation. The
colored compound observed possesses a clear absorption in the UVA
region with a maximum at 365 nm. The mass spectra and the frag-
mentation of this chromophore correspond to a molecular ion of
68m/z, which is in agreement with the loss of one furan unit. The
same loss of the molecular ion of 68m/z was observed ﬁve times
along the consecutive fragmentation pattern, suggesting the presence
of ﬁve furan units in the structure of GDC. These results are in agree-
ment with previously published data in relation with a decomposi-
tion product of glucose possessing furan units [52,53]. There is a
wide variety of furan precursors, since this product can be generated
by the degradation and/or recombination of smaller fragments [54].
Although the process of GDC formation is rather slow, it is rela-
tively faster when compared to the reaction between glucose and
the ε-amino groups of Lys or the guanidinium groups of Arg residues
in eye lens proteins. In fact, when eye lens proteins at a concentration
of 10 mg/mL are incubated at 37 °C in the presence of glucose
(30 mM) at low oxygen concentration, the ﬁrst chemical modiﬁca-
tions (amount of amino groups) in lens proteins appear at times sig-
niﬁcantly longer than 10 days (Silva et al., unpublished data). The
slow rate observed for the Schiff base production has been directly re-
lated with the low amount of the open-chain form of glucose, since
this monosaccharide is found mainly in a cyclic structure formed by
an intramolecular hemiacetal in aqueous solutions [51].
We then studied the occurrence of GDC in the water-soluble frac-
tions derived from human cataractous lenses. Importantly, we found
a low molecular weight chromophore with identical spectral proper-
ties and chromatographic retention times than GDC, suggesting that
the autoxidative pathway contributes to lens ﬁbers aging, not only
through protein glycation, but also by the generation of a chromo-
phore that could exacerbate in vivo photosensitized reactions. Recent-
ly our group has found that the ascorbate oxidation either in presence
or in absence of proteins generates a chromophore with the same
spectral and chromatographic properties of GDC [55]. Further studies
are needed to distinguish if this compound found in cataractous
lenses arises from ascorbate or glucose decomposition.
To study the photosensitizing capacity of this chromophore, BLP
were used as a photochemical target. Irradiation of BLP in the pres-
ence of GDC at low oxygen concentrations resulted in increased
protein-crosslinking, and extensive protein oxidation, in agreement
to what previously reported in aged lenses [47].
Additional experiments were performed at 5% and 20% of oxygen,
in order to distinguish between the prevalence of Type I and Type II
photosensitization mechanisms. The photoinduced crosslinking was
slightly higher when irradiation was performed at 20% O2. This can
be explained by secondary reactions derived from the oxidation of
aminoacids such as histidine, since they can generate reactive carbon-
yl groups prone to the attack of lysine, cystein or histidine to produce
crosslinking through a reaction analogous to the Maillard reaction
[56]. The different behavior observed in relation with the concentra-
tion of oxygen is more pronounced in the case of the carbonyl groups
formation. This is in agreement with the fact that the Type II mecha-
nism is often more efﬁcient than the Type I mechanism, because sin-
glet oxygen has higher diffusibility and faster reaction rate constant
571F. Ávila et al. / Biochimica et Biophysica Acta 1822 (2012) 564–572with its substrate [57]. Nevertheless, Type I photosensitization mech-
anism is favored at low oxygen concentration and that is especially
relevant in the eye lens, which is a non-vascularized tissue and one
of the most exposed organs to the light, underlying the importance
of characterizing the modiﬁcations induced by these photochemical
reactions. The oxygen pressure in the lens epithelium reach values
between 17 and 23 mmHg, and this drops steadily toward the center,
leading to an oxygen pressure b2 mm Hg in the core [58].
However, in aged lenses an extent of vitreous liquefaction, con-
comitant with a modiﬁcation in the oxygen distribution that in-
creases the susceptibility of the lens to oxidative injury is observed
[59].
The effect of photosensitized reactions on the 20S proteasome
present in the BLP mixture has also been addressed. An increased pro-
teasome chymotrypsin like peptidase activity was observed in the
presence of GDC upon irradiation. Proteasome activity was increased
more than 8- and 4-fold at 5% and 20% of oxygen, respectively. To ex-
plain the differences between both irradiated systems, follow-up ex-
periments were carried out using D2O as a solvent, which is known to
increase the lifetime of singlet oxygen [60]. Samples irradiated under
5% and 20% O2 atmosphere were characterized by a signiﬁcant de-
crease of the proteasome chymotrysin-like activity, indicating a dele-
terious effect of singlet oxygen towards proteasome activity. Previous
studies on ﬁbroblasts treated with UVA showed a decrease in protea-
some activity, which was correlated to 1O2 formation because NaN3, a
potent quencher of 1O2, prevented the decline of the proteasome ac-
tivity [61]. A continuous increase of the ratio (enzymatic activity)H2O/
(enzymatic activity)D2O was observed with time for both oxygen con-
centrations. Our results suggest that the species generated by Type I
and Type II mechanisms have opposite effects on proteasome activity,
being Type I a positive activator while Type II lead to impairment of
proteasome function. The observed activation of the proteasome
chymotrypsin-like activity may be due to the conversion of latent
20S proteasomes into their active form, as previously described [62].
Reshetnyak et al. analyzed the conformational changes in the protea-
some, from natural rat killer cells, due to the activation by mono and
divalent cations [63] and proposed that the Trp 13 residue from the
α6 proteasome subunit is mostly responsible for the chymotrypsin-
like activation [63]. It has been shown that Trp is one of the most re-
active amino acids towards Type I mechanism of photosensitization
[64,65]. In addition, we observed an increased susceptibility of the
irradiation-activated proteasome in the presence of GDC to thermal
inactivation, in agreement to what has been previously reported
[50]. Taken together, our data suggest that Type I mediated photo-
processes induce conformational changes in the proteasome, explain-
ing the enhanced peptidase activity observed.Acknowledgments
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